Abstract: An essential highlight of the presented method is the employment of Magnetic Resonance Elastography (MRE) for local measurements of the attenuation of elastic shear waves introduced into a biological sample. Such a measurement can be accomplished by combining the MRE method with those methods, in which collective displacement of spins is induced by external physical factors, such as variable electric field, strong magnetic field gradient or longitudinal elastic wave. A theoretical basis of the method involving external factors and results of preliminary experiments have been presented in this paper.
Introduction
Imaging of the Young modulus or shear modulus distribution has become an important diagnostic tool and can be accomplished using nuclear magnetic resonance methods, e.g. MRE -Magnetic Resonance Elastography [1] [2] [3] , Elasto-Magnetic Resonance Spectroscopy (EMRS) [1, 4] or Sonoelasticity [5] which is a modern ultrasonic method. In recent years, several new approaches were proposed for determining mechanical properties of biological tissues pertaining to both, magnetic resonance and ultrasonic methods [6] . In 2002, Greenleaf et al. proposed a radiation force drive method and vibro-acoustography [7] for elasticity and viscosity measurements. One year later, a method called "real-time elastography", employing a 3-dimensional finite model of tissue hardness calculations [8] was proposed. It is well known that the increased tissue stiffness found by standard palpation is a common indication of cancer (prostate, thyroid, breast). However, this method is not a quantitative one. In this kind of palpation a static force is applied. Mechanical properties of tissues play an important role in the detection and treatment of many solid tumours such as scirrhous carcinoma of the breast or cirrhosis of the liver, in those parts of the body which are accessible to the physician's hand. In many cases, changes in the elasticity of soft tissues are pathological. Therefore, elastography has found numerous applications in medical diagnostics, e.g. for identification of neoplastic tumours of the breast, prostate, brain or liver, the rigidity of which generally differs markedly from that of the surrounding healthy tissues, in hypothermia, palpation of the brain, surgical interventions, sports medicine (e.g. for determination of muscular tension: changes in the stiffness of muscles are correlated with muscular activity), etc.
The diagnostic potential and specificity of the methods mentioned above can be substantially expanded by determining additional physical parameters, such as attenuation of elastic waves in matter. Low-frequency (50 Hz -1 kHz) shear waves (SW) are usually used in view of a small attenuation coefficient at low frequencies and wide variability of the shear modulus in biological samples. These elastic parameters have so far been determined in several different ways: i) by finding the local shear waves wavelength in the medium and, hence, evaluating the amplitude of the displacement of the elements of the medium; as a result, by adjusting to a suitable theoretical model, elasticity coefficients of the medium could be determined for an elastic wave mainly by the MR methods [9] , ii) by measuring the phase propagation velocity of shear waves and applying correlation techniques of calculations [10] -for ultrasonic methods, and iii) by measuring the frequency shift in ultrasonic methods based on the Doppler effect.
In many cases, low frequency SW are used as information carriers in elasticity variation measurements in both ultrasonic and MR methods owing to strong variability of the shear modulus in biological tissues. Similarly, changes in the SW attenuation provide valuable diagnostic information in such cases as calcinosis of bones or thermal tissue ablation. Heating of a biological tissue to high temperatures (above 65
• C) results in significant changes in the attenuation coefficient. These results suggest that the measurement of attenuation may be a useful indicator of tissue damage during thermal therapy.
In the present report, a novel method has been proposed to determine the local value of the SW attenuation coefficient in the sample. The method is based on a connection between the EMRS and external factors which induce a collective displacement of spins in the sample. Collective displacement means the displacement independent of the direction of SW propagation; in our case the x-direction. The types of these factors are presented in Table 1 .
Principles of the method
The method proposed is based on the measurement of phase changes, ∆Φ of the transverse magnetization component. These changes are proportional to the scalar product of the magnetic field gradient amplitude, G 0 and the effective amplitude of the displacement of elements, ζ ef f , in the sample. Taking into account the mechanism of gathering information in the MRI system it can be concluded that the amplitude of protons of water molecules (displacement of spins) can be observed. This displacement is caused by the SW and one of the external factors listed in Table 1 . We assume that the effective displacement of spins is a superposition of the displacement evoked by a SW propagating in the sample, ζ ξ (t), and the displacement induced by an external factor causing collective spin displacement within the whole sample, ζ F (t).
The phase changes in the transverse magnetization component can be expressed as a superposition of changes evoked by shear elastic waves, ∆Φ ξ and by the additional external factor ∆Φ F , according to the equation:
where: G(t) is the magnetic field gradient, t denotes time, δ = NT G is the integer number of gradient cycles. When the magnetic field gradient is given by G(t) = G 0 sin(ω G t), and spin displacements are induced only by the elastic SW ζ ξ (t) = ζ ξ,0 e −µ x sin(ω ξ t − kx + ϕ ξ ), the phase changes in the transverse magnetization component ∆Φ ξ after N periods T G of the magnetic field gradient G(t) are given by the relation [1] :
where γ is the gyromagnetic ratio, k is the wave number of the SW, α = ω ξ /ω G , ω G , ω ξ are angular frequencies of the magnetic field gradient G(t) and the SW ζ ξ (t) respectively, ζ ξ,0 is the amplitude of spin displacement caused by the SW, µ is the attenuation coefficient of the SW, and ϕ ξ is its phase. These phase changes described by eq. (2) not only display a resonance character (maximum changes for ω G = ω ξ ) and spatial selectivity, but are also time-independent [1] .
Forms of the external factor
The external factor inducing the collective spin displacement may originate, as already mentioned, from: i) an electric field [11] , ii) a strong magnetic field gradient [12] (in which case the Stern-Gerlach interaction is present) or iii) a longitudinal elastic wave. Therefore, the following forms of this factor are possible. Expressions in Table 1 describe collective spin displacements in the sample, ζ i (t) (i=E, SG, u), induced by the respective factors. E 0 denotes the amplitude of the electric field with angular frequency ω E and applied to the sample, G SG,0 is the amplitude of a strong sinusoidal magnetic field gradient with angular frequency ω SG , ζ u,0 (t) is the amplitude of a longitudinal elastic wave of angular frequency ω u ; ϕ E , ϕ SG , ϕ u are phases of the electric field, magnetic field gradient, and the elastic longitudinal wave, respectively, η is the micro viscosity of the medium, a ef is the effective radius of the displaced carriers of charge q, m is the energy state of a chosen spin group,h = h/2π, where h is the Planck constant, k u is the wave number of the longitudinal waves and α u denotes the attenuation coefficient of the longitudinal wave. The different forms of the factor forcing the collective displacement of spins in the sample and their corresponding expressions describing spin displacement are given in Table 1 .
No.
type of base formula of the spin displacement external external factor
wave * The base form of the external factor: F (t) = ⇀ F 0 sin(at + b), F 0 -amplitude; a, b -constants * * This equation describes the case when the sample volume is much smaller than the wavelength of longitudinal waves. In this case, a piston displacement of the sample area investigated can be observed. We assume that the displacement of the medium is independent of the direction of propagation (here y) and that the attenuation for longitudinal waves is negligible (αu=0) on the distance which is much shorter than wavelength. In our experimental case the angular frequency, ωu, of the longitudinal waves amounts to ωu=2π·200 Hz. The velocity, cu, of these waves in a gel phantom is cu=1500 m/s then λu= 7.7 m. The dimensions of the sample is L= 12 cm, i.e. L = (1/64)λu. Table 1 Types of the external factor inducing collective spin displacement (column 3) and expressions describing this displacement in the sample (column 4).
According to eq. (1), the observed resultant magnetization phase changes are a superposition of phase changes, ∆Φ ξ , due to displacement of spins forced by the SW and due to changes ∆Φ F , caused by the external factor, F (t). The calculated formulas of ∆Φ F are given in Table 2 (column 3) , where T SG is the period of the Stern-Gerlach strong magnetic field gradient and
For example, phase changes induced by a low-frequency SW and additionally by a longitudinal elastic wave which is applied to the sample perpendicular to the x-direction and parallel to the magnetic field gradient are illustrated by Fig. 1 and given by the equation: Table 2 Transverse magnetization phase changes, ∆Φ F , calculated for the different types of external factors (presented in Table 1 ) which are responsible for inducing a collective spin displacement in the sample.
The phase changes described by eq. (3) also display a resonance character (see Fig. 1 ). Here, it is a triple resonance, the maximum changes are observed for ω G = ω u = ω ξ . They are time-independent, and display spatial selectivity, thus facilitating precise determination of their spatial dependence and allowing to: i) calibrate the selected methods, ii) sweep the sample investigated by changing the phase of factors which force the displacement, iii) measure viscoelastic properties of the sample, and iv) image the spatial distribution of the attenuation coefficient of the SW of angular frequency ω ξ propagated in the sample. 
Measurements of the SW attenuation coefficient µ
The external factor F (t)causes a collective displacement of spins in the whole sample volume, which implies that the displacement is irrespective of the position on the SW propagation direction (here x). It adds a constant transverse magnetization phase change ∆Φ F or insignificant changes in the whole sample area investigated (Fig. 2) . The measurement can be carried out as follows. Let us choose a local minimum (or local maximum) of the function ∆Φ as its characteristic point (Fig. 2) . Relative magnetization phase changes, δΦ = ∆Φ 1 − ∆Φ 2 , are measured for individual runs of functions ∆Φ 1 (x) and ∆Φ 2 (x) over the distance ∆x by changing the elastic SW phase ∆ϕ ξ = ϕ ξ2 − ϕ ξ1 (with a centre point ϕ ξ = ϕ u ) and the amplitude F 0 of the external factor. Phases ϕ ξ1 , ϕ ξ2 are different for individual runs of functions ∆Φ 1 (x), ∆Φ 2 (x), with ∆x being the spatial resolution of the method (the minimum segment of the sample along which the phase ∆Φ is changing). One should note the proportionality of the ∆Φ 1 and ∆Φ 2 changes to the external factor inducing the collective spin displacement within the sample. By changing the SW phase ϕ ξ we have succeeded in moving the chosen minimum of the function (i.e. we moved the point which was the source of the MR response) by ∆x. Typically, ∆x is not the spatial resolution of images obtained (it is not a pixel size). Two different runs of function ∆Φ 1 (x), ∆Φ 2 (x) are observed and then changes in the magnetization phase within one pixel can be obtained. Next, by changing the amplitude of the factor which causes the displacement of spins within the whole sample volume (this is performed by changing the value of F 0 ) the chosen minimum can be reduced to zero (∆Φ = 0 means ζ ξ,0 = 0 -at these points in the sample, the spins do not move on). Since the changes in the transverse magnetization component are a function of the amplitude of the displacement of spins induced by the external factor, F (t), the magnetization phase changes δΦ = ∆Φ 1 − ∆Φ 2 can be obtained by measuring the amplitude of the external factor, F 0 , and by direct measurement of magnetization phase changes ∆Φ 1 and ∆Φ 2 for the chosen minimum or maximum of the magnetization phase changes. By repeating this procedure many times, the whole area of the sample can be swept and its attenuation coefficient of a SW with spatial resolution ∆x determined. The spatial resolution ∆x depends on the resolution of the measurement of the magnetization phase changes. In other words, it depends on the abilities of the MR system. In the chosen minimum or maximum of the ∆Φ, spins do not move on -they are not displaced. It means that this method allows one to measure magnetization phase changes on stationary spins (insignificant changes of their position in the sample), whose displacement is zero. This results from the fact that the displacement caused by SW is compensated by that induced by the external factor which is observed when the amplitude ζ ξ,0 = − ⇀ F 0 in a chosen area of the sample. Only spins which are not displaced satisfy the well known magnetic resonance condition, ω = −γB 0 . The conclusion is that in those chosen minimums that we consider static (moving slowly) spins and the values of ∆Φ changes are well determined.
Experimental setup
The experimental setup for SW attenuation measurement is presented in Fig. 3 . The function generators are triggered together to allow control of the phase shift between SW and longitudinal vibrations. The piston displacement appears between two square, rubber and flat membranes which transmit vibrations to the sample.
( G 0 · ζ ξ,0 ) Therefore, the maximum displacement for SW (their amplitude) was measured for frequencies between 40 Hz and 500 Hz. The experimental setup designed to measure the maximum amplitude of vibrations for the plate inducing the SW, depending on the frequency of vibrations, is shown on Fig. 4 . The amplitude was determined by means of a miniature Bruel & Kjaer, Type 4393 accelerometer. The analogue signal from the measuring amplifier was additionally controlled by Tektronix 3034B oscilloscope (see data in Fig. 5a.) . Results obtained for a few of the chosen frequencies are presented in Fig.  5b . The maximum displacement of spins occurs at the top of the gel phantom adjacent to the Plexiglas plate. In this area of the sample, the exponential factor related with the SW attenuation in the medium e −µ x is not taken into account in expression (2), where only a SW is responsible for the displacement of spins in the sample. In such a case instead, the maximum transverse magnetization phase changes ∆Φ are given by a simple form of eq. (2):
Since ζ ξ,0 is the SW amplitude and the exponential part e −µ x is neglected, equation (4) describes the maximum changes of ∆Φ which could be obtained during the MRE experiment.
MRI sequences
All MRE images were obtained with a conventional 0.2 T open magnet system (Siemens Magnetom Open Viva). The maximum oscillating gradient amplitude used was 15 mT/m, the echo time TE ranged from 10 to 12 ms, and the repetition time TR amounted to 200ms and was a multiple of the period of the mechanical vibrations. The sample was a mixture of agar gel 1.5% and gelatin 4.5%. Foam was placed at the bottom of the phantom to reduce reflections of SW. The frequency of SW was 250 Hz. During the experiments, two main kinds of sequences were used: phase-and magnitude-dependent (Fig. 6 ). a) b) 
Results obtained without an external factor
MRE images for the agar-gel phantom described above were obtained for different values of the SW frequency. Herein we present images only for one frequency ν SW =250 Hz (Fig. 7) . The parameters of MRE sequences: matrix 128*128, slice 10mm, FOV 180 mm 2 , the angle between the direction of acoustic displacement and motion sensitizing gradient was 0
• , number of sinusoidal gradient periods N=4, one acquisition. While propagating through the gel the SW are attenuated and their amplitudes decrease, which means that the variation spin displacement also decreases. This coefficient was found for the whole sample volume. Figure 8 shows three phase images: the first is of SW with a frequency 250 Hz, the second -with no SW in the sample, and the third is the difference image of the two previous. The attenuation coefficient is calculated from the profile of the blue line on the difference image. Figure 9 shows the shape of this profile and two exponential fitted curves. The attenuations found were: µ 1 ≈27.8 m To measure the attenuation coefficient of SW locally, i.e. over a distance shorter than the wavelength of SW, we propose the addition of one of the external factors (e.g. longitudinal waves). According to the description given earlier in 'Measurements of the SW attenuation coefficient µ', it is this additional factor which makes such a measurement possible. Fig. 9 The two exponential fitted curves of the difference image profile (Fig. 8) The external factor provides the possibility to measure magnetization phase changes on stationary spins. This is important since the magnetic resonance process is rather slow: the Larmor frequency is comparable to the SW frequency. Thus, the method presented allows for the determination of the local attenuation coefficient, i.e. the attenuation along a distance which is a fraction of the SW length.
Conclusions
The new method presented, based on the combination of EMRS and other physical factors which induce a collective displacement of spins (longitudinal waves in this case), allows one to determine and image the attenuation coefficient by using the technique of displacement -phase transformation of the transverse magnetization phase changes ∆Φ, thus substantially improving the research and application potential of the MRI methods. The elastic wave phase change causes spatial displacement of the observation point ( Fig. 2) which is the source of the MR response and, hence, it makes possible to measure the local elastic SW attenuation coefficient. If one of the external factors is present in the process, then the measurement is carried out on stationary spins. The limitations involved in the application of the method result from the dependence of the magnetization phase changes on the scalar product ( G 0 · ζ ef f ). In view of the attenuation of the shear elastic wave in the sample, the spatial resolution of the method will decrease with decreasing amplitude ζ ξ,0 . In this paper only theoretical investigations of the new method have been presented. The main reason for this can be attributed to technical problems with very fast synchronization between the MR system and the mechanical equipment producing SW. The standard medical system available was not prepared to synchronize pulses with a repetition frequency of about 1kHz, which is essential for the new method proposed herein.
